Aims: To determine the microbial succession of the dominating taxa and functional groups of microorganisms and the total microbial activity during the composting of biowaste in a monitored process. Methods and Results: Biowaste (vegetable, fruit and garden waste) was composted in a monitored composting bin system. During the process, taxonomic and functional subpopulations of microorganisms were enumerated, and dominating colonies were isolated and identified. All counts decreased during the thermophilic phase of the composting, but increased again when the temperature declined. Total microbial activity, measured with an enzyme activity assay, decreased during the thermophilic phase, increased substantially thereafter, and decreased again during maturation. Bacteria dominated during the thermophilic phase while fungi, streptomycetes and yeasts were below the detection limit. Different bacterial populations were found in the thermophilic and mesophilic phases. In fresh wastes and during the peak-heating phase, all bacterial isolates were bacilli. During the cooling and maturation phase the bacterial diversity increased, including also other Gram-positive and Gram-negative bacteria. Among the fungi, Aspergillus spp. and Mucor spp. were predominant after the thermophilic phase. Conclusions: The microbial abundance, composition and activity changed substantially during composting and compost maturity was correlated with high microbial diversity and low activity. Significance and Impact of the Study: A more complete overview of the whole composting process of biowaste, based on microbial counts, species diversity and functional groups and abiotic parameters is presented, and the potential of a simple enzyme assay to measure total microbial activity was demonstrated.
INTRODUCTION
Nowadays, composting is a general treatment method for municipal solid wastes. Although several reports are available concerning the composition and dynamics of the microflora during the composting of these wastes Kützner and Jäger 1994; Atkinson et al. 1996; Beffa et al. 1996a; Herrmann and Shann 1997) , little is known about the microbial diversity during the composting of the organic fraction of source separated household wastes (i.e. vegetable, fruit and garden wastes, also called biowastes). Although general tendencies with regard to thermophilic and mesophilic populations of microorganisms have been identified during composting of these ÔcleanÕ biowastes, knowledge of the importance of specific taxonomic groups and functional groups can still be improved (Beffa et al. 1996a; Beffa et al. 1996b; Hellmann et al. 1997) . Furthermore, monitoring of the microbial succession is important in the effective management of the composting process as microorganisms play key roles in the process and the appearance of some microorganisms reflects the quality of maturing compost (Macauley et al. 1993; Ishii et al. 2000) .
A variety of methods have been used so far to investigate the microorganisms during composting. These include the use of traditional plating and identification of culturable microorganisms for determining microbial diversity during composting (Kane and Mullins 1973; Finstein and Morris 1975; Nakasaki et al. 1985; Strom 1985a Strom , 1985b Hardy and Sivasithamparam 1989; Davis et al. 1991; Beffa et al. 1996a; Choi and Park 1998; Stenbro-Olsen 1998) and more recent techniques measuring ATP content (Garcia et al. 1992; Tseng et al. 1996) , microbial biomass (Derikx et al. 1990) and potential metabolic abilities determined by the BIOLOG BIOLOG sole carbon utilization test (Insam et al. 1996) . More recently methods that give an indication of the microbial community composition, without culturing of organisms on agar media, are the direct analysis of phospholipid fatty acid (PLFA) patterns (Hellmann et al. 1997; Herrmann and Shann 1997; Carpenter-Boggs et al. 1998; Klamer and Baath 1998) and of extractable DNAs or rRNAs (Hugenholtz et al. 1998; Koschinsky et al. 1998; Ishii et al. 2000; Ivors et al. 2000 Ivors et al. , 2002 Michel et al. 2002; Riddech et al. 2002; Tiquia and Michel 2002) in compost samples. Although the use of growth requiring plating techniques may be disputed (Tebbe et al. 1992; Wagner et al. 1993 ) and the more recent techniques will definitely detect unique microorganisms (Ishii et al. 2000; Ivors et al. 2000) , until now no single method has been proved to be most reliable for tracking microbial communities in environmental samples (Gurtner et al. 2000; Brambilla et al. 2001) . These authors also observed that no similar organisms could be detected by both a classical approach (culturing) and a molecular approach (16S rDNA analyses). Consequently, traditional methodologies are still useful in environmental microbiology, as illustrated by Roberts et al. (2002) , who combined traditional plating techniques with terminal restriction fragment length polymorphism analysis (T-RFLP) to monitor changes in bacterial and fungal community composition during composting. Furthermore, each technique seems to have its own limitations. For example, only a few PLFAs can be considered to be absolute signature substances for a single species or even a specific group of organisms (Klamer and Baath 1998) , while analyses of total extractable DNAs or rRNAs followed by 16S (prokaryotes) or 18S (eurkaryotes) analyses does not always reflect the qualitative and quantitative diversity present in environmental samples such as composts (Hansen et al. 1998; Koschinsky et al. 1998; Gurtner et al. 2000; Ishii et al. 2000) .
In the present work we aimed at constructing a more complete picture of the culturable microflora during the small-scale composting of vegetable, fruit and garden wastes, from starting material to mature compost, not only with regard to abiotic factors but also with regard to the microbial activity (bacteria, streptomycetes, fungi and yeasts) and evolution of functional and taxonomic groups, including the characterization and identification of large numbers of isolates. This approach makes it possible to reveal relationships between the microflora and the abiotic phenomena in the composting process in much more detail. A standard procedure for sampling of compost and suitable media was used for the enumeration of the different groups of microorganisms. Bacteria and actinomycetes were identified using gas chromatographic analysis of their total cellular fatty acids (Onderdonk and Sasser 1995) . The dominant fungi were identified, based on vegetative and generative characteristics (Domsch et al. 1993 ). The total biological activity was measured with a protease, hydrolase and esterase activity assay based on the hydrolysis of fluorescein diacetate (FDA) (Inbar et al. 1991) .
MATERIALS AND METHODS

Experimental design
The aerobic composting of 100 kg vegetable, fruit and garden wastes (paper included) was performed in a 200-l insulated composting bin for 12 weeks (Boelens et al. 1996; De Wilde and Boelens 1998) . The composting process was directed through airflow and moisture content. The dry matter content, temperature and exhaust gas composition were regularly monitored. Electrical conductivity, pH (H 2 O), content of Kjeldahl-, nitrate and ammonium nitrogen, and C : N ratio of the feed material were determined.
At the indicated time intervals the content was turned to avoid preferential aeration pores. At days 1, 6, 9, 13, 21, 27, 34, 41, 48, 55, 62, 69, 76 and 85 , representative samples of 300 g were taken. After sampling, inert objects such as glass and plastic were removed from the samples. The samples were divided equally into quarters. Two opposite quarters were blended again and divided into four parts. This procedure was repeated four to five times.
Preparation of compost samples
Initial compost suspensions were prepared by the addition of 10 g (wet weight) compost samples to 90 ml of 0AE85% (w ⁄ v) sterile sodium chloride solution in 250 ml Erlenmeyer flasks. These suspensions were shaken at 200 r.p.m. for 30 min at 21°C. Serial dilutions of these initial suspensions were made in sterile sodium chloride solution. Aliquots (0AE1 ml) of each dilution were spread with a Drigalski rod in Petri plates containing the required medium. Five plates were used per dilution.
Growth media
Minimal Delafield medium (Delafield et al. 1965) was supplemented with 0AE1 g glucose, 0AE3 g acetic acid, 0AE2 g succinic acid, 0AE1 g yeast extract and 0AE1 g casein hydrolysate (ICN Biomedicals Inc., OH, USA) per litre for a total count of prokaryotes. Cycloheximide (0AE2 g ⁄ l) was added to inhibit fungal growth.
Streptomycetes were counted on ISP medium 4, composed of 1 g K 2 HPO 4 , 1 g MgSO 4 AE7H 2 O, 1 g NaCl, 2 g (NH 4 ) 2 SO 4 , 2 g CaCO 3 , 10 g of soluble starch, 0AE2 g cycloheximide, 1 ml solution of trace elements, and 20 g agar in 1 l of distilled water. The solution of trace elements consisted of 0AE1 g FeSO 4 AE 7H 2 O, 0AE1 g MnCl 2 AE4H 2 O and 0AE1 g ZnSO 4 AE7H 2 O in 100 ml distilled water. The pH of the medium was 7AE2 (Lacey 1973) .
Fungi and yeasts were enumerated on Rose Bengal Chloramphenicol agar (Oxoid Ltd, Hampshire, UK).
Cellulolytic bacteria were enumerated on a medium composed of 1 g (NH 4 ) 2 SO 4 , 1 g K 2 HPO 4 , 0AE5 g MgSO 4 , 0AE001 g NaCl, 15 g agar, 10 g carboxymethylcellulose (CMC) and 0AE2 g cycloheximide per litre distilled water.
The medium for the isolation of cellulolytic fungi was prepared from two solutions. The first solution contained 15 g agar, 10 g CMC (medium viscosity, sodium salt; Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 0AE1 g chloramphenicol and 900 ml distilled water. The components were stirred thoroughly and autoclaved. For the preparation of the second solution 6AE7 g yeast nitrogen base (Difco, Becton Dickinson, Sparks, USA) was solved in 100 ml distilled water. The solution was cold-sterilized by filtration over sterile 0AE2 lm pore size filters. Solution 1 and 2 were combined and stirred at 60°C.
Amylolytic bacteria were counted on a medium consisting of two layers. The lower layer contained minimal Delafield medium (see above; approx. 15 ml per Petri plate), the upper layer (approx. 5 ml per Petri plate) contained 1% (w ⁄ v) starch and 2% (w ⁄ v) agar in distilled water. Enumeration was performed after flooding the plates with a lugol solution (0AE5% I 2 and 1AE0% KI in distilled water). Non-degraded starch colours dark after pouring with lugol. The colonies, which produced clearing zones on this medium, were recorded as amylolytic bacteria.
Proteolytic bacteria producing casease were counted on milk agar, prepared as follows. A solution was made with 23 g nutrient agar powder (Oxoid Ltd) and 700 ml distilled water supplemented with 0AE2 g cycloheximide. A milk solution was made of 30 g milk powder (Oxoid Ltd) and 300 ml distilled water. Both solutions were autoclaved and combined. The caseolytic bacteria develop a bright zone (spot), while the medium remains turbid in case of casease lacking bacteria.
All media were autoclaved for 20 min (121°C, 103 kPa) unless stated otherwise.
Incubation, isolation, enumeration, purification and preservation of isolates
Incubation was at 25°C for mesophilic microorganisms and at 55°C for thermophilic microorganisms. Plates with a countable number of colonies, i.e. 30-300, were counted. After 48 h of incubation, all thermophilic organisms, mesophilic fungi and mesophilic proteolytic and amylolytic bacteria were enumerated. Mesophilic streptomycetes, cellulolytic bacteria and the total number of prokaryotes were counted after 7 days of incubation. The ISP-4 medium is not strictly selective for streptomycetes, therefore only the colonies with aerial mycelium (powdery, wrinkled, or pasty) were counted. When these colonies were isolated, their plates had the typical earthy odour associated with actinomycetes (Savage et al. 1973) . Differentiation between yeasts and fungi was based on morphological characteristics. From the plates inoculated with the highest dilution and showing growth of separated colonies, a number of colonies were picked randomly and streaked onto fresh plates. Occasionally, more than one colony type appeared on the streak plates; in such cases, each type was restreaked until pure cultures of all were obtained. After purification, cultures were preserved on rich media, i.e. nutrient agar for bacteria, inorganic salt starch 3 medium (ISP-3; Difco, Becton Dickinson) for streptomycetes and potato dextrose agar for fungi. Bacterial and streptomycetal cultures were stored at 2°C and fungi at 20°C.
Identification methods
Bacteria were identified by gas chromatographic analysis of their cellular fatty acids. Cells were cultured on trypticase soy broth agar for 24 h at 28°C (mesophilic isolates) or 50°C (thermophilic isolates). Fatty acid methyl esters were prepared and separated by gas-liquid chromatography, as described before (Mergaert et al. 1993) , and identified by the Microbial Identification System (MIS) database, TSBA version 4AE1 (Microbial ID Inc. Newark, DE, USA).
Streptomycetes were recognized by their typical colony morphology showing aerial mycelium with spores, while the dominant fungi were identified based on vegetative and generative characteristics, under light microscope at a 300-fold magnification.
Measurement of total biological activity by the hydrolysis of fluorescein diacetate
Fluorescein diacetate (FDA) is a non-fluorescent substrate that is hydrolysed by various enzymes (mainly esterases, but also proteases and lipases) found in living cells to yield fluorescein, which remains in the cells and can be extracted and quantified by spectrophotometry (Schnürer and Rosswall 1982) . A modification of the procedure of Inbar et al. (1991) and Kokalis-Burelle and Rodriguez-Kabana (1994) was used for determinations of FDA hydrolytic activity. Samples (10 g fresh weight) were diluted in 100 ml 100 mM M KH 2 PO 4 ⁄ K 2 HPO 4 (pH 7AE6) and shaken for 30 min at 21°C. The mixture was filtered with a 600-lm nylon fibre and, if necessary, the pH of the filtrate was adjusted to pH 7AE6 with 0AE5 M M NaOH (pH 12) or 0AE5 M M CH 3 COOH (pH 3AE5). A FDA-stock solution was made by dissolving FDA (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in acetone (2 mg ⁄ ml). This stock solution was stored at ) 21°C. In three replicates, 200 ll FDA-stock was added to 10 ml of the compost filtrate. A fourth replicate was the control. The suspension was shaken in a warm waterbath for 30 min at 25°C. The reaction was stopped by the addition of acetone (final concentration, 50% v ⁄ v). The coarse organic particles were removed from the solution by centrifugation (3095 g; 5 min; 15°C). Absorption at 494 nm was used as measurement for the amount of hydrolysed FDA. A standard curve was obtained by absorption measurement (at 494 nm) of various concentrations of FDA (ranging from 0AE0 mg ⁄ ml to 0AE04 mg ⁄ ml), which were first hydrolysed by boiling for 20 min in screwcap tubes in three replicates. After cooling, 50% v ⁄ v acetone was added and the mixture was placed in an ice bath to avoid evaporation.
Statistical analysis
Most of the results shown in the present paper are the mean (enumerations: mean ± confidence interval; FDA hydrolytic activity: mean ± standard error) of three replicate analyses. Single determinations were made for temperature, oxygen concentration of outlet gases and dry matter content of the composting material. Correlation coefficients of temperature and FDA hydrolytic activity or oxygen concentration of the outlet gases were expressed as Pearson's r (two-tailed tests). FDA hydrolytic activity was Log 10 transformed before statistical analysis to improve the homogeneity of variance of the data.
RESULTS
Determination of abiotic factors
Changes of temperature in the composting bin, dry matter content of the composting material and oxygen concentration of the outlet gases are illustrated in Fig. 1 . When the temperature was below 32°C, oxygen concentration in all samples of the outlet gases was higher than 21%, and no CH 4 could be detected. Temperature and oxygen concentration of the outlet gases were highly negatively correlated (r ¼ ) 0AE9421, P ¼ 0AE000). The dry matter content of the source material rose when the composting process proceeded. The pH, electrical conductivity and C : N ratio of the wastes were 4AE2, 3AE6 mS cm )1 and 19 : 1, respectively. The concentration of volatile solids on dry weight (DW) was 56AE7%, while the content of saturated fatty acids and Kjeldahl-nitrogen was 992 mg kg (DW) )1 and 14AE9 g kg (DW) )1 , respectively. The wastes contained 0AE014 g nitrate nitrogen kg (DW)
)1 and 0AE496 g ammonium nitrogen kg (DW) )1 . The total dry weight loss during the experiment was approximately 26%.
Microbial succession
The succession of different microbial groups is summarized in Fig. 2 . The numbers of mesophilic and thermophilic prokaryotes vary slightly during the different composting stages; conversely, population sizes of mesophilic and thermophilic streptomycetes are clearly influenced by temperature, especially in the thermophilic stage (Fig. 2a,b) .
At first, mesophilic fungi were below the detection limit, but they appeared after cooling (<45°C) and were active until the end of composting. Despite their presence in the source material, the counts of mesophilic yeasts and thermophilic fungi were comparable with the mesophilic fungi (Fig. 2c,d ).
Mesophilic and thermophilic cellulolytic bacteria were present in the source material and during peak heating. After cooling (day 27) their population increased at least 100-fold. No mesophilic cellulolytic fungi appeared in the dilution counts until cooling down, while thermophilic 
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cellulolytic fungi were present in the source material and after the thermophilic stage (Fig. 2e,f) . Mesophilic amylolytic and caseolytic bacteria were present in the source material (Fig. 2g) . During peak heating their populations declined maximum 100-fold, followed by population growth after cooling. When the compost matured, bacteria numbers dropped. The counts of thermophilic amylolytic and caseolytic bacteria were comparable with their respective mesophiles for all stages of composting and were even frequently 10-fold higher (Fig. 2h) .
Species diversity of dominant microorganisms isolated during the composting process
During the composting process 175 dominant bacterial colonies, grown on Delafield medium with carbon sources or on the isolation medium for cellulolytic bacteria, at 25°C (mesophilic) and 55°C (thermophilic), as well as a total of 19 mesophilic streptomycetes were isolated. These bacteria were identified by analysing the gas chromatographic profiles of their cellular fatty acids. The identifications obtained by comparison to the MIS database (Microbial ID Bacillus subtilis (2) Bacillus subtilis (4)
Geobacillus thermoglucosidasius (1) Paenibacillus lentimorbus (1) unidentified bacilli (14) Day 13 (4) unidentified (4) (4) unidentified (14) unidentified bacilli (1) unidentified bacteria (18) streptomycetes (13) *Bacteria were isolated on days 0, 13, 34, 62 and 85; streptomycetes on days 34, 42, 62 and 85; fungi on days 27, 34, 41, 48, 55, 62, 69 and 85. Inc. Newark, DE, USA) are summarized in Table 1 . Many strains were not recognized by the database (identification scores < 0AE200) or were identified with a low identification similarity (0AE200-0AE500). This was especially the case for those isolated at 55°C. The latter strains were grown at 50°C for fatty acid extraction, a temperature recommended for many thermophilic Bacillus species by the manufacturer of the identification system (Microbial ID Inc.). Unidentified strains that showed a bacillar cell morphology (Grampositive rods with spores), e.g. most of the thermophilic strains isolated during the thermophilic phase, were classified as Ôunidentified bacilliÕ, and unidentified isolates showing cells without spores were classified as Ôother unidentified bacteriaÕ and comprised mainly Gram-negatives.
Streptomycetes and fungi were only isolated at 25°C during the mesophilic and maturation phases. In this study, only the mesophilic fungi were identified. As evidenced in Table 1 , species diversity decreased during the thermophilic phase and increased again during the rest of the composting process, with the highest number of isolated species during the maturation phase. Mainly Aspergillus sp. and Mucor sp. were isolated on cellulose medium.
The species diversity of the bacteria as well as the fungi, isolated on the different media, did not show significant differences. Streptomyces sp. could be isolated on the RBCA medium, in accordance to the chloramphenicol tolerance of these species.
Hydrolysis of fluorescein diacetate
The buffering capacity (100 mM M KH 2 PO 4 ⁄ K 2 HPO 4 ) of the suspension was sufficient to maintain the pH at 7AE6. Microbial activity in the vegetable, fruit and garden wastes, as measured by the hydrolysis of FDA, was clearly influenced by temperature, especially in the thermophilic phase (Fig. 3) . Temperature and Log 10 transformed FDA hydrolytic activity were negatively correlated (r ¼ )0AE6892, P ¼ 0AE009). During the first half of the experiment, the negative correlation between temperature and Log 10 transformed FDA hydrolytic activity was even higher (r ¼ )0AE7147, P ¼ 0AE071).
DISCUSSION
Despite the low dry matter content and C : N ratio Golueke 1987; Davis et al. 1992; Golueke 1992) , the composting process was characterized by a normal evolution of the composting temperature and oxygen concentration in the outlet gases (de Bertoldi et al. 1985) . In accordance with the study of Tiquia et al. (1996) , which illustrated a significant positive correlation between temperature and oxygen consumption rate, temperature showed a significant negative correlation with oxygen concentration of the outlet gases. The temperature evolution in the composting bin can be divided into four different phases: mesophilic, thermophilic, cooling and maturation (Ishii et al. 2000) . Each turning of the vessel content resulted in a temperature increase, but this increase declined as the process succeeded (Fig. 1) . This pilot-scale composting process simulated as closely as possible a real and complete composting process (De Wilde and Boelens 1998).
The enumerations leave no doubt that the high temperatures achieved during the thermophilic composting phase resulted in a decline of the total microbial population. The population size of thermophilic prokaryotes was in general less variable compared to the population size of mesophilic prokaryotes. Thermophilic bacteria were isolated throughout the entire process, and in the thermophilic phase the degradation process is performed essentially by thermophilic bacteria (Finstein and Morris 1975; Nakasaki et al. 1985; Strom 1985a; Fujio and Kume 1991; Beffa et al. 1996b; Hellmann et al. 1997; Herrmann and Shann 1997; Klamer and Baath 1998) . According to Choi and Park (1998) , the presence of a high number of yeasts during the mesophilic phase is not surprising, due to the presence of vegetable residues with low initial pH and the ability of yeasts to grow at a lower pH than bacteria. On some occasions numbers of subpopulations of bacteria were higher than the total count. This probably was due to differences in media compositions, incubation time and growth ⁄ degradation characteristics of the microorganisms counted. Thus we did not attempt comparing absolute numbers of colonies grown on different media.
Due to the high temperature during peak heating (76°C), fungi and yeasts disappeared almost totally during the whole thermophilic phase. They were isolated again in the cooling and maturation phases (Kane and Mullins 1973; Rosenberg 1975; Nakasaki et al. 1985; Fujio and Kume 1991; Herrmann and Shann 1997; Choi and Park 1998) . Mesophilic and thermophilic streptomycetes also Fig. 3 The evolution of the hydrolysis of fluorescein diacetate during the composting process. Bars represent standard error (P £ 0.05; n ¼ 3) disappeared totally during peak heating and became important again when cooling began. Fungi, yeasts and streptomycetes can survive the heat peak as spores or are re-inoculated into the compost from the environment or from the edges of the pile. The microbial succession in this study agreed with the reports using PLFA analysis (Hellmann et al. 1997; Herrmann and Shann 1997; Klamer and Baath 1998) . The results obtained by this method mainly showed that fungi and actinomycetes proliferated when the temperature was low and that thermophilic bacteria dominated when it was high. In agreement, Ishii et al. (2000) observed that the number of bands decreased in the DGGE (denaturing gradient gel electrophoresis) pattern as the temperature rose. However, the microbial succession in our study disagreed partially with their report, in that fungi were absent and actinomycetes were scarce. These differences can possibly be explained by the high water content and the low C : N ratio of their composting materials rather than the slow growth rates of fungi and actinomycetes, as they postulated.
Temperature is a significant factor in determining the relative advantage of some population over another (Ishii et al. 2000) , therefore efficiency of the composting process drops at the higher thermophilic levels (Golueke 1986 ). Consequently, temperatures should not be allowed to exceed 55-60°C (Jeris and Regan 1973; Suler and Finstein 1977; McKinley and Vestal 1984; de Bertoldi et al. 1985; Strom 1985a ). Conversely, a few studies reported high numbers of viable microorganisms and high decomposition rates at 60-75°C (Poincelot 1974; Parr et al. 1978; Nakasaki et al. 1985; Beffa et al. 1996a Beffa et al. , 1996b Stenbro-Olsen 1998) . Because high temperatures favour cellulose degradation, cellulolytic organisms appear mainly at the end of the thermophilic stage (Shilesky and Maniotis 1969; Gray et al. 1971) . At the end of the composting process, the cellulose is inaccessible to enzymatic attack because of low water content or association with protective substances such as lignin (Stutzenberger et al. 1970) . This results in a decrease of the number of cellulolytic organisms. It is also indicated that in material with a high cellulose content thermotolerant microorganisms with the ability to degrade cellulose will dominate at the end of the composting process (Stenbro-Olsen 1998). Contrary to Beffa et al. (1996a) , but in agreement with the study of Stenbro-Olsen (1998), the overall bacterial numbers in our study did not decrease during cooling and maturation in comparison with the numbers present during the thermogenic phase. For example, amylolytic bacteria and proteolytic bacteria appear mainly after the thermophilic phase, probably as result of the high amylose content, which was probably released after the biological degradation of protective substances such as cellulose, hemicellulose and lignocellulose, and the large amount of proteins that are released when microorganisms die. Most of the populations in the maturing phase have proteolytic, amylolytic and cellulolytic capacities (DiazRavina et al. 1989; Atkinson et al. 1996) . Furthermore, high numbers of thermophilic spore-forming bacteria were present in the maturing phase (Beffa et al. 1996a) . At the end of the composting process, due to the degradation of amylose and proteins, the number of amylolytic and proteolytic bacteria declines.
An obvious population shift in mesophilic and thermophilic bacteria occurs during the composting process Falcon et al. 1987) . At higher temperatures their species diversity decreases (Finstein and Morris 1975; Fogarty and Tuovinen 1991; Stenbro-Olsen 1998) . Not only was Bacillus the most predominant bacterial taxon recovered from compost feedstock, it was also the most abundant group of bacteria recovered from compost during the thermophilic phase ( ‡ 55°C) and throughout the entire composting process monitored in this study (Berkeley et al. 1984; Strom 1985b; Fujio and Kume 1991; Beffa et al. 1996a; Blanc et al. 1997; Herrmann and Shann 1997; Koschinsky et al. 1998; Stenbro-Olsen 1998; Ishii et al. 2000) . Our results confirm an increase of microbial diversity after cooling and during the maturation phase. Besides bacilli, other Gram-positive (Cellulomonas, Rhodococcus) and Gram-negative bacteria (Pseudomonas, Flavobacterium, Brevundimonas, Paracoccus) were also present Davis et al. 1992; Andrews et al. 1994; Beffa et al. 1996a) . In agreement, Ishii et al. (2000) showed that DDGE band patterns were more stable and more complex after cooling, indicating a higher microbial diversity. Because cellulose (paper) is an important constituent of municipal wastes (Poincelot and Day 1973; Lynch 1987) , the direct microbial biodegradation of cellulose will be restricted to a relatively narrow range of microorganisms, including cellulolytic bacteria, that are favoured and appeared frequently in this compost ecosystem (Herrmann and Shann 1997; Stenbro-Olsen 1998) . No fungi were isolated during the thermophilic phase, probably because temperatures exceeded 60°C. Aspergillus spp. and Mucor spp. were predominant after the thermophilic phase. The fungal diversity increased further thereafter. As most species were not detectable in the source material, natural inoculation with these organisms from the environment undoubtedly occurred.
The total biological activity, as measured by hydrolysis of FDA, was found to correlate negatively with temperature. This coincides with earlier observations recorded during full-scale composting (Ryckeboer, data not published). found a similar correlation between microbial metabolic activity as measured by the rates at which the microbes incorporate radioactivity-labelled organic substrates into the lipid components of the cell and temperature . At the end of the composting process biological activity declined, probably as result of lack of nutrients. This indicates compost stability.
In the present study, we report a more complete overview of the whole composting process of vegetable, fruit and garden wastes (biowastes), based on relationships between microbial counts, functional groups, species diversity and abiotic parameters. Furthermore, we demonstrate for the first time the applicability of a simple enzyme assay based on the hydrolysis of FDA to predict microbial activity during composting.
